Spatially separated visual objects that appear in alternating sequence can be perceived as a single moving object. This phenomenon of apparent motion enables us to perceive sequentially presented images as a motion picture. How does the visual system bind together single visual tokens to one moving object? Here we report a series of experiments investigating apparent motion with electroencephalographic recordings showing that gamma-band oscillatory coupling in the visual cortex is crucial for this phenomenon. We used an ambiguous stimulus that could be perceived as moving either vertically or horizontally. Because visual information from the right and left visual hemifields is routed to the contralateral early visual cortex, in the case of perceived horizontal movement, information from both hemispheres has to be integrated. In accord with this assumption, our data show stronger oscillatory coupling between right and left visual cortices during perception of horizontal motion compared with vertical motion.
Introduction
Synchronization of oscillatory electrical brain activity in the gamma band (ϳ40 Hz) has been proposed as a basic mechanism underlying transient functional coupling of neural assemblies (von der Malsburg, 1994) . Many studies in the visual system of the cat (Gray et al., 1989; Engel et al., 1991) and monkey (Bressler et al., 1993; Kreiter and Singer, 1996; Maldonado et al., 2000) have lent support to this hypothesis. Apart from increases in oscillatory coupling during associative learning (Miltner et al., 1999) , there is increasing evidence that object features represented by spatially distinct neural assemblies are dynamically linked to a coherent percept by synchronized activity in the gamma range (Engel et al., 2001 ). This can be simple bar stimuli that move coherently through the receptive fields of two neurons (Engel and Singer, 2001) , different images presented to each eye as in binocular rivalry (Srinivasan et al., 1999; Fries et al., 2002) , or complex visual stimuli such as faces (Rodriguez et al., 1999; Tallon-Baudry and Bertrand, 1999) .
The processing of apparent motion posits a similar binding problem as object recognition: at least two visual objects segregated in time and space need to be perceptually linked to represent a single moving stimulus (Korte, 1915) . Binding by synchrony is one possible neuronal mechanism underlying apparent-motion perception .
At the level of the primary visual cortex, visual information from each visual hemifield (right and left) are separated and almost exclusively routed to the contralateral hemisphere (Palmer, 1999) . Thus, an apparent-motion stimulus that comprises two visual tokens presented alternating in the left and in the right hemifield are perceived as moving horizontally only if visual information from the left and right hemispheres are integrated (Chaudhuri et al., 1991) .
To test the hypothesis that synchronous oscillatory coupling between visual cortices is linked to apparent-motion perception in humans, we used an ambiguous apparent-motion stimulus that has two equally valid alternative perceptual interpretations (i.e., horizontal or vertical movement). These two clearly separable percepts allow a straightforward prediction, namely that if motion is perceived horizontally, oscillatory coupling should increase between hemispheres (Chaudhuri and Glaser, 1991) . Coupling is investigated by electroencephalogram (EEG) recordings.
In the principal experiment, an ambiguous apparent-motion stimulus was presented, in which the movement of two visual tokens (dots) can be perceived as moving either horizontally or vertically (Chaudhuri and Glaser, 1991 ) (see Fig. 1 ). This stimulus consists of two sets of two diagonally opposite dots that are flashed in alternation. In the first experiment, we experimentally manipulated the stimulus percept by slowly (0.08°/s) decreasing the horizontal distance between dots until the percept changed to horizontal movement. In the second experiment, we manipulated the perceptual change by obliterating the upper or left tokens, respectively. In a third experiment, the stimulus was held constant and the participants were free to switch between the two perceptual states. In all experiments, volunteers indicated a change of their percept by a button press.
Materials and Methods
Volunteers and stimuli. Three experiments were conducted using an ambiguous apparent-motion stimulus (Fig. 1) . A total of 40 healthy volunteers with normal or corrected-to-normal vision participated in the experiments (Fig. 1) . The probability of whether this stimulus is perceived as either moving horizontally or vertically depends on the distance between the dots (Hock et al., 1993) . In an equidistant arrangement, there is a bias toward vertical motion perception. This bias can be avoided by using a horizontal-to-vertical-distance ratio of 1/1.3 (i.e., shorter horizontal distance) (Chaudhuri and Glaser, 1991) . In experiment 1 (n ϭ 12; mean age, 27 years; range, 24 -30; six females), perceptual switches were induced by changing the horizontal distance between the dots (Fig. 1d) . In experiment 2 (n ϭ 11; mean age, 28 years; range, 23-40; three females), perceptual switches were induced by occluding either the left or top row of dots. In experiment 3 (n ϭ 17; mean age, 25 years; range, 24 -40; eight females), the stimulus display was kept constant throughout the presentation.
Stimuli were presented using a personal computer that ensured synchronization with the EEG recording unit using the software Presentations. A liquid crystal display monitor with a constant-refresh rate of 60 Hz was used for stimulus presentation, with a viewing distance of 1 m. Participants signaled perceptual switches by pressing a button in experiments 1 and 3, and indicated a loss of induced percept in experiment 2. Furthermore, the subjects had the option to press a second button in cases in which neither of the two motions was perceived. The study was approved by the local ethics committee, and all subjects gave written informed consent before inclusion into this study.
Data acquisition. An EEG was recorded from 34 channels (BrainVision system amplifier; BrainProducts, Munich, Germany) (impedance, Ͻ5 k⍀; low cutoff, 0.03 Hz; high cutoff, 250 Hz; 500 Hz sampling rate referred to the nose). Vertical and horizontal electro-oculograms were recorded from above versus below the left eye and from the outer canthi of the eyes, respectively. Data analysis. Data segments of 2000 ms were extracted starting 1000 ms after an indicated perceptual switch. Epochs with artifacts caused by blinks or eye movements (vertical and horizontal), amplifier saturation, and fast amplitude shifts (Ͼ100 V within 2 ms) were excluded from additional analysis. For each subject, the minimal number of epochs for the horizontal or vertical condition was computed (mean of 21 epochs in experiment 1; mean of 30 epochs in experiment 2; mean of 20 epochs in experiment 3) and was used for additional analysis of both conditions within that subject. Therefore, for each subject, the number of data segments was the same for both conditions to avoid problems with the sample size bias. The epochs were decomposed using a wavelet-based time-frequency analysis (Tallon-Baudry et al., 1998) (C. Torrence and G. Compo, http://paos.Colorado.EDU/research/wavelets/). For each trial, the signal was convolved with complex Morlet's wavelets (wave number ϭ 6), with ƒ 0 ranging from 1 to 120 Hz in 1 Hz steps. The wavelet basis was normalized to have a total energy of 1 at all scales. Wavelet-based coherence was estimated for each subject and separately for the horizontal and vertical percept. The mean coherence spectra were calculated across a time series of 2000 ms and were Z-transformed (Jarvis and Mitra, 2001) .
Coherence was computed using the cross-spectral density (xp) of channel k and channel m, and the power spectral densities pk and pm in the time (t)-frequency ( f ) domain as follows:
The transformed spectra were averaged and then transformed back to obtain the grand mean coherence spectra (see Fig. 2 ). Single-subject Z-transformed coherence values were extracted in the frequency range between 30 and 50 Hz and were compared between horizontal and vertical percepts. Frequencies Ͻ10 Hz were not investigated because of the likely confound of stimulus-related low-frequency oscillatory activity (visual tokens alternated every 200 ms). Phase locking (PL) between the two EEG channels k and m was computed in the time-frequency domain using the phase ( p) of the signal for each trial ( j), and then averaged across trials (n) (Tallon-Baudry et al., 2001; Gruber and Muller, 2005) as follows:
Results
According to our hypothesis, we investigated coherence differences between horizontal and vertical motion percepts. We found increasing coherence between hemispheres for the horizontal percept compared with the vertical percept, with a maximum over extrastriate visual cortex (electrodes P7/P8). This effect was observed when perceptual changes were induced by (1) varying the distance of the dots (experiment 1; paired t test for electrode pair P7/P8, t (11) ϭ 2.4; p Ͻ 0.05) and by (2) occluding parts of the stimulus (experiment 2; paired t test for electrode pair P7/P8, t (10) ϭ 2.9; p Ͻ 0.05).
However, one might argue that, in experiment 1, physical stimulus properties were not absolutely identical, and the occlusion of dots in experiment 2 might represent a confound for ensuing changes in percept. We therefore conducted experiment 3, in which the perceptual switches were intrinsically "generated" by the participants without any stimulus alteration. In this experiment, we observed a significant increase in coherence in the frequency band between 30 and 50 Hz, between left and right extrastriate visual electrodes during the perception of horizontal motion (ANOVA with factors electrode pair: O1-O2, PO7-PO8, P7-P8; and Percept: vertical, horizontal; main effect Percept, F (1,16) ϭ 11.9; p Ͻ 0.05). The interaction effect of electrode by percept (F (2,32) ϭ 10.1; p Ͻ 0.05) demonstrated that the maximal 2 ). Subjects kept their gaze at the fixation spot in the middle throughout each experimental run. The fixation dot was either a small vertical or horizontal line representing the current percept. This stimulus can be perceived as moving either horizontally (b) or vertically (c). The horizontal and vertical distance between dots from center to center was 6.9°. d, In experiment 1, the distance between horizontal dots was decreased by 0.08°for each dot presentation. e, f, In experiment 2, perception was biased toward horizontal (e) or vertical (f ) apparent motion by temporarily (750 ms, every 10 s) obliterating the upper or left tokens, respectively. To keep the horizontal percept more stable, we used a constant horizontal distance of the tokens of 6.2°( aspect ratio, 1:1.11). In experiment 3, volunteers viewed the stimulus and reported spontaneous perceptual switches by button presses. To avoid a bias toward vertical movement, as has been observed in equidistant (i.e., quadratic) stimulus displays (Chaudhuri and Glaser, 1991) , the horizontal distance between tokens was set to 5.1°(aspect ratio, 1:1.34).
difference to the vertical condition (ϳ9%) was observed again at electrode pair P7-P8, (paired t test between horizontal and vertical percept for this electrode, t (16) ϭ 3.9; p Ͻ 0.05). Additional inspection of different frequency bands revealed that the coherence differences peaked between 30 and 50 Hz (Fig. 2) .
In addition, we estimated the coherence between right-left symmetric pairs of electrodes to further investigate the topographical maximum of the effect. Again, this analysis revealed that the maximal change in coherence for horizontal versus vertical percept was observed at lateral extrastriate visual electrode sites (P7/P8) (Fig. 3) .
For experiment 3, the power spectra were also analyzed for 
Discussion
Our data clearly show an increased oscillatory coupling between hemispheres when perceiving horizontal compared with vertical apparent motion and provide the first evidence for the importance of oscillatory coupling in apparent-motion perception. Importantly, this result was obtained while volunteers were viewing a physically identical stimulus and only the percept changed. This extends previous reports, highlighting the relevance of oscillatory coupling of high-frequency components for binocular rivalry (Fries et al., 2002) and face perception (Rodriguez et al., 1999) . Previous EEG and magnetoencephalography studies investigating apparent motion have reported changes in ␣ (Basar- Eroglu et al., 1996; Struber and Herrmann, 2002) and gamma power (Basar-Eroglu et al., 1996) at individual electrodes immediately preceding perceptual switches. Thus, it is important to investigate whether evoked gamma activity also differed during stable percepts, which could trivially explain increased coherence between hemispheres. However, this was not the case. Gamma power in the analyzed data segments was identical for horizontal and vertical motion percepts; thus, the observed coupling between hemispheres cannot be explained by a simple increase in gamma power during the perception of horizontal apparent motion. Furthermore, phase locking between electrodes, a measure that is independent of amplitude differences (Varela et al., 2001) , revealed a statistically significant increase in the gamma band during horizontal motion perception between hemispheres (P7-P8; t (16) ϭ 2.8; p Ͻ 0.05) and thus confirmed the coherence estimates.
The peak of the oscillatory gamma band coupling around electrodes P7-P8 (Fig. 3) , which are close to the medial temporal area (MT) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), adds to existing evidence that extrastriate visual cortex, including human area MT (hMT), is involved in apparent-motion perception. This notion is in accordance with functional magnetic resonance imaging studies showing increased activity in area hMT when a visual stimulus was perceived as moving compared with a percept of flickering dots (Goebel et al., 1998; Sterzer et al., 2003) . MT neurons have receptive fields that cross the vertical meridian, a property that allows them to integrate visual information across both visual hemifields, as would be necessary to perceive horizontal apparent motion in the stimulus used (Maunsell et al., 1987) . A possible anatomical basis has been revealed by anatomical labeling studies, showing that neurons in MT are directly connected to contralateral MT (Maunsell and Van Essen, 1987) .
When using EEG to measure coupling between different brain areas, volume conduction of the head leads to a high absolute coherence estimate, especially between neighboring electrodes. Furthermore, absolute coherence estimates can also depend on the used reference electrode. It is important to note that, in all of our paradigms, the vertical percept can be regarded as a rigorous baseline that controls for both effects. Consequently, we report only the difference of neuronal coupling in relation to different percepts of apparent motion. It is unlikely that volume conduction or the reference electrode can change as a function of percept, and therefore, the observed difference in coherence is related to the perceptual difference. The probabilities for the vertical and the horizontal percepts were found to be equal if the horizontal distance between dots was smaller (Chaudhuri and Glaser, 1991) . Interestingly, this bias for vertical motion perception vanishes when the whole stimulus is presented within a single visual hemifield (Chaudhuri and Glaser, 1991) . This suggests the involvement of transcallosal neurotransmission in the observed perceptual bias, which is supported by animal studies showing that synchronous activity in the gamma band across the hemispheres ceased when the corpus callosum was transected (Engel et al., 1991; Munk et al., 1995; Kiper et al., 1999) . Although potentially more difficult to assess, split-brain patients are impaired in horizontal apparent-motion perception (Gazzaniga, 1987) , especially in the context of low stimulus contrast (Naikar, 1996) , as used in our task.
In an important theoretical framework for consciousness, binding by synchrony was hypothesized to play a role in the formation and competition of neural ensembles, especially when there is perceptual competition such as in ambiguous displays (Crick and Koch, 2003) . This notion is strongly supported by our data showing that oscillatory coupling depends on perceptual awareness in an ambiguous stimulus setting in which competition between percepts occurs (Chaudhuri and Glaser, 1991) .
